Neuregulins (NDF, heregulin, GGF ARIA, or SMDF) are EGF-like growth and differentiation factors that signal through tyrosine kinase receptors of the ErbB family. Here, we report a novel phenotype in mice with targeted mutations in the erbB2, erbB3, or neuregulin-1 genes. These three mutations cause a severe hypoplasia of the primary sympathetic ganglion chain. We provide evidence that migration of neural crest cells to the mesenchyme lateral of the dorsal aorta, in which they differentiate into sympathetic neurons, depends on neuregulin-1 and its receptors. Neuregulin-1 is expressed at the origin of neural crest cells. Moreover, a tight link between neuregulin-1 expression, the migratory path, and the target site of sympathogenic neural crest cells is observed. Sympathetic ganglia synthesize catecholamines in the embryo and the adult. Accordingly, catecholamine levels in mutant embryos are severely decreased, and we suggest that the lack of catecholamines contributes to the embryonal lethality of the erbB3 mutant mice. Thus, neuregulin-1, erbB2, and erbB3 are required for the formation of the sympathetic nervous system; the block in development observed in mutant mice is caused by a lack of neural crest precursor cells in the anlage of the primary sympathetic ganglion chain. Together with previous observations, these findings establish the neuregulin signaling system as a key regulator in the development of neural crest cells.
Neural crest cells constitute a transient and migratory cell population that generates the majority of the peripheral nervous system and facial skeleton as well as other derivatives such as melanocytes. After an epithelialmesenchymal transition, neural crest cells detach from the epithelium of the dorsal neural tube and start their migration (Le Douarin 1982) . The embryonal ectoderm plays a key role in formation of neural crest cells; members of the TGF-␤ family have been demonstrated recently to induce dorsalization of the neural tube and the generation of neural crest cells (Liem et al. 1997) . Cellular interactions that occur during migration and at the target sites of migration control survival, growth, motility, and differentiation of neural crest cells (Le Douarin et al. 1994; Anderson 1997) . The identification of molecules that govern neural crest cell development is an area of active research.
The sympathetic nervous system derives from neural crest cells that migrate to the mesenchyme lateral of the dorsal aorta. Local signals provided by cells at the target site allow survival and also specify sympathogenic differentiation. A subpopulation of sympathogenic neural crest cells depends on a signal given by the c-Ret tyrosine kinase receptor for survival at the target (Schuchardt et al. 1994; Durbec et al. 1996) . Members of the TGF-␤ family give the inductive signals that direct the differentiation of sympathetic neurons (Reissmann et al. 1996; Shah et al. 1996) . Differentiation of sympathetic neuronal precursors is characterized by the expression of Mash-I and Phox2a, two transcription factors that first appear after the neural crest cells condense laterally of the dorsal aorta. Subsequently, enzymes involved in biosynthesis of catecholamines are produced, for example, tyrosine hydroxylase (TH) and dopamine ␤-hydroxylase (DBH) (Cochard et al. 1978; Ernsberger et al. 1995; Groves et al. 1995; Tiveron et al. 1996) . Neuronal pre-cursors in the anlage of the primary sympathetic ganglion chain again give rise to migrating cells at subsequent developmental stages. These cells move to the adrenal gland and into the mesentery to form chromaffin cells of the adrenal medulla and the ganglia of the visceral plexus, respectively (Le Douarin 1986) .
Tyrosine kinase receptors (c-Ret, ErbB3/ErbB2, and cKit) and their ligands have been implicated in the control of the development of neural crest cells (Le Douarin et al. 1994; Wehrle-Haller and Weston 1997) . The neuregulin-1 gene encodes different isoforms of an EGF-like growth and differentiation factor that are also known as NDF, heregulin, GGF, ARIA, or SMDF (Holmes et al. 1992; Wen et al. 1992; Falls et al. 1993; Marchionni et al. 1993; Ho et al. 1995) . Neural crest cells and various other cell types, like glial, muscle, or epithelial cells, respond to neuregulin-1 by growth and differentiation (for review, see Lemke 1996; Burden and Yarden 1997) . Neuregulin-induced cellular responses are mediated by tyrosine kinase receptors of the ErbB family. Biochemical and genetic data indicate that the functional neuregulin receptors are ErbB3/ErbB2 or ErbB4/ErbB2 heterodimers (Plowman et al. 1993; Carraway and Cantley 1994; Sliwkowski et al. 1994; Tzahar et al. 1994; Beerli et al. 1995; Horan et al. 1995; Riese et al. 1995; Wallasch et al. 1995) . Distinct receptor combinations are essential in different developmental events: The ErbB2 and ErbB4 receptors cooperate in transmission of neuregulin-1 signals in the heart, whereas ErbB2 and ErbB3 cooperate in neural crest cells (Gassmann et al. 1995; Lee et al. 1995; Meyer and Birchmeier 1995; Erickson et al. 1997; Riethmacher et al. 1997) . Two distinct neural crest cell derivatives, neurons of cranial ganglia and Schwann cell precursors, were reported previously to depend on neuregulin-1 (Meyer and Birchmeier 1995; Lee et al. 1995; Erickson et al. 1997; Riethmacher et al. 1997) . The precise developmental event that requires the neuregulin-1 signal has not been elucidated.
Here, we characterize a novel function of the neuregulin signaling system in the development of the sympathetic nervous system. In neuregulin-1, erbB2, and erbB3 mutant mice, a severe hypoplasia of the primary sympathetic ganglion chain is observed. In the absence of an intact neuregulin signaling system, the distribution of neural crest cells during the migratory process is altered, and neural crest cells appear to be unable to migrate to the anlage of the primary sympathetic ganglion chain. Sympatho-adrenergic cells are the major source of catecholamines in the embryo and the adult. We show that catecholamine levels are severely reduced in erbB3 mutant mice and suggest that this contributes to the embryonal lethality of mutant embryos. Thus, neuregulin-1 and the ErbB2/ErbB3 receptors are required to maintain the migratory ability of sympathogenic neural crest cells. Moreover, these molecules are also essential for the development of other cells types derived from the neural crest, that is, specific glial cells and cranial sensory neurons. Neuregulin and the ErbB2/ErbB3 receptors thus emerge as a major driving force in the development of neural crest cells.
Results
Appearance of the primary sympathetic ganglion chain in E10.5 embryos mutant for the erbB2, erbB3, or neuregulin-1 genes We have identified a novel phenotype in embryos with mutations in the neuregulin/ErbB signaling system, namely a defect in the development of the sympathetic nervous system. The evidence was obtained by the analysis of embryos with mutations in erbB2, erbB3, and neuregulin-1. The generation of mouse lines with ablated neuregulin-1 and erbB3 genes has been described elsewhere (Meyer and Birchmeier 1995; . The mutant erbB2 (erbB2 lacZ ) allele used in this study was generated by the fusion of lacZ sequences to an exon encoding the cytoplasmic juxtamembrane domain of ErbB2 (Fig. 1a,b) . The allele encodes an ErbB2-␤-galactosidase fusion protein that lacks the tyrosine kinase domain but contains intact extracellular and transmembrane domains. Antibodies against the carboxyl terminus of ErbB2 demonstrated the absence of wildtype protein in homozygous mutant embryos (Fig.1c) . Homozygous mutant erbB2 lacZ embryos die at midgestation (E10.75); they display a lack of trabecules in the heart ventricle and an abnormal appearance of cranial ganglia (see also Lee et al. 1995) . Moreover, numbers of early Schwann cell precursors that accompany projections of sensory and motor neurons are reduced in erbB2 mutant embryos on E10.5 (not shown), a phenotype we described previously for neuregulin-1 and erbB3 mutant mice (Meyer and Birchmeier 1995; Riethmacher et al. 1997 ).
When we examined the sympathetic nervous system of the mouse strains with mutations in neuregulin-1, erbB2, and erbB3, we observed a severe reduction of neuronal precursors present in the primary sympathetic ganglion chain, which is located laterally of the dorsal aorta (see Fig. 2 ). These precursors were identified by in situ hybridization with a probe specific for Phox2a, which encodes a transcription factor expressed in sympathetic neurons and their precursors (Tiveron et al. 1996; Morin et al. 1997 ). In particular, we observed that Phox2a-positive cells in the caudal part (arrows) of the sympathetic ganglion chain are rare, whereas the rostral portion (arrowheads) is less affected (Fig. 2b,d,f) . A similar reduction of precursors of sympathetic neurons was observed by in situ hybridization with a Mash-I-specific probe (see also Fig. 3g,h ).
Neural crest cells require the neuregulin signaling system during migration to the mesenchyme lateral of the dorsal aorta
To determine the stage at which these deficits in development of the sympathetic nervous system become first apparent, we analyzed generation and migration of neural crest cells that form the sympathetic ganglion chain. Expression of ErbB3 in neural crest cells begins when they emerge from the neural tube (Fig. 3c , see also section in Fig. 4a ) and continues during migration of the neural crest cells (Fig. 3a) . No difference in the emergence of ErbB3-positive cells from the neural tube of control and erbB2 mutant embryos was apparent in the trunk (arrowheads in Fig. 3c,d ). However, a severe reduction in the numbers of ErbB3-expressing cells that migrate beyond the anlage of the dorsal root ganglia and in the area where neural crest cells start to differentiate into sympathetic neurons was observed in the mutant embryos ( Fig. 3e and f; cf. g and h). Neural crest cells that derive from the postotic hindbrain also contribute to the rostral portion of the sympathetic nervous system (Durbec et al. 1996) . The streams of postotic crest cells that migrate to the anlage of the enteric and sympathetic nervous system appeared unchanged in erbB2 mutant embryos (not shown). Deficits in neural crest cells that contribute to cranial ganglia were apparent (arrowheads in Fig. 3a,b) .
Vibratome sections of control embryos hybridized with probes specific for ErbB3 or p75 NTR were used to visualize the migratory path of sympathogenic neural crest cells that extends from the dorsal neural tube to the mesenchyme lateral of the dorsal aorta (Fig. 4a,c) . In erbB2 −/− embryos, neural crest cells were scarce at positions ventral of the neural tube and lateral of the dorsal aorta (Fig. 4b,d ). This scarcity at ventral positions contrasted with a more compact appearance of neural crest cells at dorsal positions (Fig. 4b,d ). The reduced numbers at ventral positions and the accumulation at dorsal positions was clearly apparent in thin sections stained with p75 NTR -specific antibodies (Fig. 4g,h) . A similar distribution of neural crest cells was observed in neuregulin-1 or erbB3 mutant embryos at this stage (not shown).
To quantify this change in distribution of neural crest cells, we determined the numbers of p75 NTR -positive cells along the migratory path and at the target site of sympathogenic neural crest cells on consecutive sections that together covered the entire forelimb region (Fig. 5a ). Numbers of neural crest cells in a dorsal position were increased in erbB2, erbB3, and neuregulin-1 mutant embryos (Fig. 5a , dark gray bars); these cells appeared frequently clustered and were directly contacting each other. The numbers of labeled cells ventral of the neural tube and lateral of the dorsal aorta were decreased (Fig. 5a , light gray and white bars, respectively). This change in distribution of neural crest cells was not accompanied by a significant decrease in their overall numbers in the mutant embryos (Fig. 5a, hatched bars) . The proportion of apoptotic neural crest cells was determined by double staining, by use of the TUNEL method and p75 NTR -specific antibodies ( Fig. 5b ; cf. Fig. 4g and h) . No significant increase in the proportion of apoptotic cells was observed in control and mutant embryos in the dorsal compartment (Fig. 5b , dark gray bars) or along the migratory route and at the target site of sympathogenic neural crest cells (Fig. 5b , light gray bars). Thus, the observed changes in distribution of neural crest cells do not correlate with increased cell death in mutant E9 embryos.
Neuregulin-1 expression and the migratory route of sympathogenic neural crest cells
We characterized the time course of neuregulin-1 expression during migration of trunk neural crest cells. When migration of neural crest cells starts, only the type I isoform of neuregulin-1 is expressed at detectable levels; expression of this isoform can be followed by the use of a neuregulin-1-lacZ allele (Meyer et al. 1997 ). On E9 or E10, strong neuregulin-1 expression is observed in the dorsal neural tube (Fig. 6 ). Moreover, newly formed somites express type I neuregulin-1 on E9 ( Fig. 6a,b ; see arrowhead). On sections, the expression is assigned mainly to the sclerotome (Fig. 6d) . Further rostrally, expression is found in the mesenchyme underlying the somites on E9 (Fig. 6a,b, see arrow) . This domain corresponds to a broad stripe of mesenchyme flanking the dorsal aorta (Fig. 6e) . With maturation (E10), this broad domain becomes restricted to mesenchyme located bilaterally of the dorsal aorta (Fig. 6c,f) . Thus, expression of ). The anlage of the sympathetic nervous system was visualized by in situ hybridization with a Mash-1-specific probe (e,f). Distribution and cell death of neural crest cells were analyzed by immunohistochemistry using anti-p75 NTR antibodies (red) combined with a TUNEL analysis of apoptotic cells (green) (g,h). The dorsal aorta (ao) is indicated. Magnifications in a-h are identical. NTR antibodies; this was combined with a TUNEL analysis to identify apoptotic cells. Neural crest cells identified by p75 NTR immunofluorescence were counted and the average number per section was determined (a). Depicted are total numbers of neural crest cells (hatched bars), numbers of neural crest cells grouped in a dorsal position (dark gray), migrating farther ventrally (light gray) and located at the target site in the mesenchyme lateral of the dorsal aorta (white); numbers ± S.E.M. are displayed. In addition, the numbers of apoptotic neural crest cells identified by p75 ).
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Phenotypes in the sympathetic nervous system of erbB3 mutant embryos at later stages of development erbB2 and neuregulin-1 mutant embryos die at mid-gestation (Lee et al. 1995; Meyer et al. 1995) and, thus, soon after the early defects in formation of the sympathetic nervous system become apparent. erbB3 mutants, however, can survive to birth and were used for analysis of the sympathetic nervous system at later developmental stages.
In situ hybridization with a Phox2a or TH-specific probe on E12.5 embryos demonstrated a small change in the size of superior cervical ganglia and a severe defect in the more posterior portion of the sympathetic ganglion chain (Fig. 7a-d) , that is, the presence of a rostral-caudal gradient in the severity of the phenotype in the sympathetic nervous system. Similarly, a drastic reduction in the numbers of cells that migrate from the posterior portion of the primary ganglion chain to the mesentery or the anlage of the adrenal gland was apparent (see arrowheads). In contrast, no change in neural crest cells that populate the gastrointestinal tract was observed by in situ hybridization analysis with c-Ret (Fig. 7e,f) .
Histological analysis of erbB3 mutant embryos on E17.5 demonstrated a hypoplasia of the superior cervical ganglion (Fig. 8a,b ) that was also apparent by immunofluorescence analysis with antibodies against neurofilament and TH (Fig. 8c,d) . From consecutive sections of embryos (n = 3 for mutant or control embryos), we estimate the size of the superior cervical ganglion to be reduced by half. Only residues of the celiac and mesenteric ganglia were present, as assessed by histological criteria and by immunohistochemical analysis (Fig. 8e,f) . Throughout the residual sympathetic nervous system, neurofilament positive fibers appeared more coarse and their diameter was increased; immunohistochemistry with B-FABP-specific antibodies (Kurtz et al. 1994 ) demonstrated the presence of satellite cells in the superior cervical ganglion (not shown). Chromaffin cells of the adrenal medulla were completely absent when analyzed histologically (Fig. 9a,b) or by immunohistochemistry with anti-TH antibodies on E17.5 (Fig. 9c,d ) or at earlier stages (E13, E14). The cortex of the adrenal gland was present, but the columnar organization of the epithelia appeared disorganized on E17.5 (Fig. 9a,b) .
Embryonal catecholamine biosynthesis occurs in sympathetic ganglia and the adrenal medulla, structures that are severely affected by the erbB3 mutation. Catecholamines were shown recently to be essential for fetal development (Thomas et al. 1995; Zhou et al. 1995) . Specifically, mutation of the TH or DBH genes, which encode key enzymes in catecholamine biosynthesis, reduces embryonal survival. Direct measurements of noradrenaline, the only catecholamine observed in significant amounts on E12.5, demonstrate a 15-fold reduction in erbB3 mutant embryos (wild-type, 1.92 ± 0.11 ng of noradrenaline/mg of protein; erbB3 +/− , 1.53 ± 0.22 ng of noradrenaline/mg of protein; erbB3 −/− , 0.13 ± 0.02 ng of noradrenaline/mg of protein). A similar dramatic reduction of noradrenaline was measured in DBH mutant embryos (Thomas et al. 1995) .
Discussion
By the analysis of erbB2, erbB3, and neuregulin-1 mutant mice, we demonstrate here that the development of the sympathetic nervous system requires an intact neuregulin signaling system. Neural crest cells of the trunk depend on neuregulin-1 and the ErbB2 and ErbB3 receptors to migrate to the mesenchyme lateral of the dorsal aorta where they form the anlage of the sympathetic nervous system. Only the initial steps in development of the sympathetic nervous system can be studied in neuregulin-1 and erbB2 mutant mice (the embryos die at midgestation as a result of a lack of trabeculation of the embryonic heart ventricles). Because a proportion of erbB3 mutants develop to term, the phenotype could be studied during further development of the sympathetic nervous system. erbB3 −/− mice display a complete absence of the adrenal medulla and only remnants of the celiac ganglion, whereas the superior cervical ganglion is less affected.
Neuregulin-1 and migration of neural crest cells
The numbers of neural crest cells that move to and reach the mesenchyme lateral of the dorsal aorta are severely reduced in embryos with mutations in erbB2, erbB3, or neuregulin-1. Principally, three different mechanisms might cause the observed reduction: (1) apoptosis of migrating neural crest cells; (2) impaired proliferation of neural crest cells; or (3) impaired migration of neural crest cells. Increase in proliferation and suppression of apoptosis are typical cellular responses observed on growth factor signaling in vitro (Schlessinger and Ullrich 1992; Hunter 1997) . However, motility of cells can also be regulated by tyrosine kinase receptors through modulation of adhesiveness, the control of cytoskeletal dynamics or the expression of proteases. Our data do not support a primary role of the neuregulin signaling system in the survival of neural crest cells of the trunk, but rather indicate a defect in migration. At the time the phenotypic changes are first apparent (E9), neural crest cells along the migratory route or at the target site do not display an increase in apoptosis in erbB2, erbB3, or neuregulin-1 mutant mice. Neural crest cells are known to proliferate during their migration (Le Douarin and Dupin 1993). Progression through a region unable to provide a growth factor signal or migration away from a source of growth factor could, in principle, result in progressively reduced numbers of neural crest cells, and such a mechanism would be in accordance with the decreasing numbers of neural crest cells ventral of the neural tube. However, a defect in proliferation would not cause the apparent positional arrest of neural crest cells that we observed at dorsal positions in mutant embryos on E9, that is, at the time the phenotype first becomes apparent (Fig. 5) . The significant accumulation of neural crest cells at dorsal positions is in accordance with a function of the neuregulin signaling system in migration: Neural Phox-2a (a,b) , or TH (c,d)-specific probes were used to visualize the primary sympathetic ganglion chain and a c-Ret (e,f)-specific probe to observe enteric ganglia by in situ hybridization. The embryos were cut at the midline prior to hybridization. Arrows in a and c point to cells that dissociate from the primary sympathetic ganglion chain and migrate to the mesentery and the anlage of the adrenal gland. Magnifications in a-d and e and f are identical, respectively.
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The question arises as to what happens to the supernumerous neural crest cells that are located at a dorsal position in the trunk of E9 embryos. It should be noted that numbers of cells in dorsal root ganglia, which are generated at the dorsal positions, are not increased in erbB2 or erbB3 mutants on E10 or E12. Therefore, some mechanism that adjusts the numbers of neural crest cells and their derivatives must exist, and the aberrant distribution of neural crest cells observed on E9 might be adjusted at later stages by a decrease in their growth or survival.
Interestingly, the dynamic expression pattern of the type I isoform of neuregulin-1 (also known as NDF or heregulin) coincides with the origin, the migratory route and the target of neural crest cells that generate the primary sympathetic ganglion chain. The dorsal neural tube expresses type I neuregulin-1 and is located in the vicinity of migrating cells. Expression is also observed in newly formed somites, subsequently in a broad stripe of mesenchyme ventral of the somites, and finally, lateral of the dorsal aorta. We observe severe reductions in the numbers of migrating and differentiating neural crest cells in neuregulin-1, erbB2, or erbB3 mutant mice at sites where the type I isoform of neuregulin-1 is expressed, that is, in the mesenchyme ventral of the somites or lateral of the dorsal aorta. Presently, it is unclear how far type I neuregulin-1 can diffuse in the embryo. Type I neuregulin-1 does not contain a typical amino-terminal signal sequence. Rather, an internal stretch of hydrophobic amino acids is present, which was suggested to function as an internal signal sequence and/or transmembrane domain (Holmes et al. 1992; Wen et al. 1992) . The type I isoform can also bind to heparin (Wen et al. 1992 ), a property known to immobilize growth factors within the extracellular matrix and to restrict their diffusion. It is therefore possible that this isoform of neuregulin-1 stays closely associated with its site of production. This would imply that type I neuregulin-1 is available only to those migrating neural crest cells that come into immediate contact with those cells that produce the factor. Alternatively, type I neuregulin-1 might be free to diffuse over some distance in the embryo; thus, factor produced by cells in the dorsal neural tube could also be accessible to neural crest cells that migrate to the anlage of the sympathetic ganglion chain.
In cell culture, neuregulin-1 and the ErbB4 receptor have been implied previously in the control of neuronal migration along radial glial cells in the central nervous system (Anton et al. 1997; Rio et al. 1997) . Interestingly, Figure 8 . Appearance of the superior cervical ganglion (a-d) and the celiac ganglion (e,f) in control (a,c,e) and erbB3 mutant (b,d,f) embryos on E17.5. Histological sections were stained with hematoxylin/eosin (a,b). Double immunofluorescence analysis on frozen sections with anti-TH (red) and anti-neurofilament 160 (green) antibodies (c-f). Superior cervical ganglia (scg), internal (ica) and external (eca) carotid artery, and the Xth cranial nerve (X) are indicated. Sectional levels were matched by the presence of the bifurcation of the carotid artery (a-d) and the origin of the mesenteric artery. Arrowheads point to the residue of the celiac ganglion of an erbB3 mutant embryo. expression of a transdominant ErbB4 receptor in the glial compartment inhibits the neuregulin-dependent migration of neuronal precursor cells. Thus, in this system, neuregulin-1 does not affect neuronal cells and their migratory behavior directly. In contrast, neuregulin-1 was reported to directly increase the motility of Schwann cells in cell culture (Mahanthappa et al. 1996) .
Independent populations of neural crest cells depend on neuregulin-1 signals
Several undifferentiated neural crest cell populations depend on neuregulin-1 and the ErbB2 and ErbB3 receptors, and can be distinguished by their position in the embryo. We describe here an essential role in the migration of sympathogenic neural crest cells; previously, a role in development of neural crest cells that generate cranial sensory ganglia and Schwann cell precursors was established (Lee et al. 1995; Meyer and Birchmeier 1995; Erickson et al. 1997; Meyer et al. 1997; ). This neuregulin dependence does not seem to correlate with a differential expression of the receptors in these specific subpopulations: ErbB3 is also expressed at high levels in neural crest cells not affected by mutation of neuregulin signaling system, whereas ErbB2 is expressed broadly in the developing embryo.
Hindbrain neural crest cells and placodal cells that derive from the ectoderm both contribute to cranial sensory ganglia (Noden 1993) ; in neuregulin-1, erbB2, and erbB3 mutant mice, cranial sensory ganglia are severely reduced in size because of a decreased contribution of neural crest cells (Lee et al. 1995; Meyer and Birchmeier 1995; Erickson et al. 1997; Riethmacher et al. 1997) . The type I isoform of neuregulin-1 (also known as NDF or heregulin) provides the essential signal and is expressed at sites of cranial ganglia formation (Meyer et al. 1997) . Previously, the exact mechanism by which neuregulin-1 exerts its essential role was not determined. Because generation of hindbrain neural crest cells is not affected in mutant embryos (Meyer and Birchmeier 1995) , it is possible that neuregulin-1 exerts a similar function during formation of sympathetic and cranial sensory ganglia.
Moreover, neuregulin-1 and its receptors, ErbB2 and ErbB3, are also required during development of early Schwann cell precursors that accompany sensory and motoneurons (Meyer and Birchmeier 1995; Riethmacher et al. 1997 ). These cells are severely reduced in numbers at an early stage of their development, at which they still express genes characteristic for neural crest cells. At later stages, Schwann cell precursors that express Schwann cell specific genes (Krox-20, S-100) cannot be detected along sensory and motoneurons . We have demonstrated previously that this population of cells depends on a distinct neuregulin-1 isoform, type III (also known as SMDF), which is produced by differentiated sensory and motor neurons (Meyer et al. 1997) . Whether type III neuregulin-1 drives growth and/or migration of these cells remains to be elucidated.
In erbB3 mutant mice, the absence of Schwann cell precursors that accompany sensory and motoneurons also severely affects survival of these neurons. These neurons differentiate initially in an appropriate manner before they undergo cell death, and erbB3 is not required in a cell autonomous manner for their survival. Therefore, we attribute the cell death of sensory and motoneurons to a lack of survival factors that are usually provided by Schwann cell precursors that accompany these neurons . The phenotype observed in postmitotic sensory and motoneurons is therefore caused by a mechanism distinct from the one in sympathetic neurons, because sympathogenic precursor cells (neural crest cells) require neuregulin-1 to migrate to their target. Accordingly, the reduction in numbers of sympathetic neurons and their precursors as well as the rostrocaudal gradient in the severity of this phenotype is observed during all stages of development (E9-E17).
Lineage analyses indicate that neural crest cells of the postotic hindbrain and of the trunk contribute to the anlage of the sympathetic nervous system (Le Douarin 1986; Durbec et al. 1996) . In particular, hindbrain neural crest cells can contribute to the superior cervical ganglion in mice (Durbec et al. 1996) . Therefore, the moderate effect of the mutations on the superior cervical ganglion might reflect the fact that this ganglion is produced mainly by sympathogenic neural crest cells from the hindbrain that do not require the neuregulin signaling system. In contrast, the caudal portion of the sympathetic nervous system is formed by trunk neural crest cells that depend on neuregulin-1. However, it should be noted that our analysis does not exclude subtle roles of neuregulins after the formation of the primary sympathetic ganglion chain. For instance, trophic support of sympathetic neurons or their precursors might be directly or indirectly regulated by neuregulins (see Verdi et al. 1996) . Such possible roles are difficult to assess in mutant embryos because of the large deficits that already occur during the formation of the primary ganglion chain.
We show here that the severity of defects in the sympathogenic neural crest cells is identical in neuregulin-1, erbB2, and erbB3 mutant embryos on E10; this is also apparent for the changes in cranial sensory ganglia and early Schwann cell precursors that are observed on E10. Together, these data indicate that ErbB2 provides an essential coreceptor function for ErbB3 during initial development of neural crest cells. However, a direct comparison of neuregulin-1 and erbB2 mutant mice shows that small differences in phenotypes exist between neuregulin-1 and erbB2 mutants: neuregulin-1 −/− embryos die at a slightly earlier stage than in erbB2 −/− embryos (E10.5 vs. E10.75). Moreover, on E10.5, the overall size of the neuregulin-1 mutants appears reduced compared with erbB2 −/− embryos. Although heart morphologies are similar in the two mutant strains, the small difference in survival and overall appearance indicate that differences in the severity of the heart phenotypes might exist. ErbB4 is the receptor essential for recognition of the neuregulin in the myocardium; the small difference might indicate that residual signaling of ErbB4 occurs in the absence of ErbB2, but not in the absence of neuregulin-1.
Catecholamine biosynthesis of erbB3 mutant embryos
The majority of erbB3 mutant embryos die within a broad window of time between E11.5 and E13.5. In embryos at this stage, the most abundant catecholamine is noradrenaline (Thomas et al. 1995) . Direct measurements demonstrate a significant reduction in noradrenaline levels in erbB3 mutant animals on E12.5. Catecholamines function as neurotransmitters and hormones and regulate visceral functions, motor coordination, and arousal in adults. By ablation of the genes encoding key enzymes of catecholamine biosynthesis (TH or DBH), it was recently demonstrated that catecholamines are essential during embryonic development (Thomas et al. 1995; Zhou et al. 1995) . The time course and proportion of embryonal death are virtually identical for TH and erbB3 mutant embryos, and similar for DBH mutants. Therefore, it is possible that a lack of catecholamines in erbB3 mutants contributes to the embryonal lethality observed.
Tyrosine kinase receptors and the control of migration during development
Genetic analysis in the mouse has demonstrated that tyrosine kinase receptors take over pivotal roles in the control of cell migration during development. These functions can be exerted during multiple stages in the migratory process. Migrating cells are frequently generated from epithelia by an epithelial-mesenchymal conversion. The c-Met receptor induces an epithelial-mesenchymal conversion of dermomyotomal cells in vivo, and thus controls emigration of a motile cell population with myogenic potential (Bladt et al. 1995; Brand-Saberi et al. 1996; Heymann et al. 1996) . Here, we provide evidence for a role of the ErbB2/ErbB3 receptors in the maintenance of the migratory ability of sympathogenic neural crest cells. It will be of interest to analyze changes in the migratory patterns of neural crest cells in animals that express neuregulin-1 at ectopic sites. Signals mediated by tyrosine kinase receptors seem to elicit a range of distinct cellular responses in neural crest cells and their derivatives. Along with ErbB2/ErbB3 function in migration, the c-Ret receptor provides a survival signal, whereas the c-Kit receptor was reported to elicit complex cellular responses that affect survival, growth, and migration of melanocyte precursors (Wehrle-Haller and Weston 1997).
Materials and methods

Mutant mouse strains
Genomic erbB2 DNA was isolated from a genomic library of 129 mouse DNA and used to construct the erbB2 targeting vector. A lacZ-neo cassette was fused in-frame to exon h encoding the cytoplasmic juxtamembrane domain of ErbB2; the point of fusion corresponds to nucleotide position 2316 in the human cDNA (nomenclature of ErbB2 exons and numbering of the cDNA are according to Semba et al. 1985) . The predicted chimeric ErbB2 protein produced from the allele contains the entire extracellular, transmembrane, and 39 amino acids of the cytoplasmic domain that are fused to the bacterial ␤-galactosidase (Fig. 1a) . The targeting vector was introduced into E14.1 ES cells (Kü hn et al. 1991) by electroporation. Homologous recombination events were enriched by selection with G418 and identified by Southern hybridization. The structure of the targeted locus and the presence of a single insertion event were verified by Southern hybridization on ES cell DNA. Two independently mutated ES cell clones were used to generate chimeric animals by blastocyst injection (Bradley 1987) . The phenotypes were analyzed on a C57BL/6/129 hybrid background. The generation of targeted mutations in the mouse neuregulin-1 (Meyer and Birchmeier 1995) and the erbB3 ) genes has been described elsewhere. Homozygous mutant animals were obtained by matings of heterozygous animals. Genotype of animals and embryos was determined by PCR.
Protein analysis
Protein extracts of embryonic hearts were immunoprecipitated with an antibody against a carboxy-terminal ErbB2 peptide (Santa Cruz). Immunoprecipitates were electrophoresed on a SDS-polyacrylamide gel and transferred to nitrocellulose. ErbB2 protein was detected with the anti-carboxy-terminal ErbB2 antibodies using the ECL Western blotting detection system (Amersham).
In situ hybridization, X-gal staining, histology, and immunohistochemistry
Digoxigenin (DIG)-labeled riboprobes were produced with a DIG-RNA labeling kit (Boehringer, Mannheim). In situ hybridizations on mouse embryos from E9 to E13.5 were performed as described (Wilkinson 1992) . The probe for ErbB3 was described (Meyer et al. 1997) . For vibratome sectioning, stained embryos were embedded in 4% agarose.
X-gal staining was performed essentially as described (Sham et al. 1993) . After staining, the embryos were washed in PBS and refixed in 4% paraformaldehyde.
For histological analysis, mouse embryos were fixed in 4% PFA for several days at 4°C, dehydrated, and embedded in Technovit 7100 resin (Kulzer); 6-to 8-µm sections were stained with hematoxilin/eosin.
For immunohistological analysis, E17.5 embryos were embedded in OCT (Miles). Cryosections (6 µm) were fixed for 15 min in 4% PFA, blocked with 20% goat serum (GS) in PBT (PBS/0.1% Tween 20), and incubated with monoclonal antineurofilament 160 antibody (clone NN18, Sigma, 1:1000) and a rabbit polyclonal anti-TH antibody (Pel-Freez, 1:200) in PBT/ 5% GS at 4°C overnight. As secondary antibodies, Cy2-conjugated anti-mouse IgG (1:300) and Cy3-conjugated anti-rabbit IgG (1:300) antibodies (Dianova) were used. The sections were examined with a Leica confocal microscope.
Determination of numbers and apoptosis rates of neural crest cells
Embryos were staged according to their somite numbers (20-22 somites) and overall appearance. Consecutive frozen sections that together covered the entire forelimb region were produced; every third section was double stained by the TUNEL method with the ApopTag kit (Oncor) and a polyclonal anti-p75 NTR (Promega) combined with a Cy3 (Dianova) conjugated secondary antibody. The signals were visualized simultaneously using a Leica confocal microscope. The surface labeling of the neural crest cells positive for p75
NTR allowed the outline of the cells to be identified. Cells were classified as apoptotic if TUNEL-positive staining (green) was identified within the area stained or outlined by the p75 NTR immunofluorescence (red). Neural crest cells were classified according to their position in the embryo as residing either in the dorsal compartment, in the migrating compartment, or at the target bilateral of the aorta. Cells in the dorsal compartment were positioned along the dorsal twothirds of the neural tube in the mesenchyme; in mutant embryos, these cells formed frequently dense clusters, that is, the cells appeared to be directly contacting each other. Cells in the migrating compartment were located between the dorsal compartment and the aorta; they were dispersed in the mesenchyme as single cells or small cell groups. Cells in the target compartment were located bilaterally of the dorsal aorta, that is, in the immediate vicinity of the aorta. For each embryo, 10-20 sections were independently counted by two scientists.
Catecholamine measurements
Catecholamine measurements were performed essentially as described (Thomas et al. 1995) . Embryos were homogenized in 0.1 M perchloric acid containing 3,4-dihydroxybenzylamine as an internal standard; catecholamines were purified over alumina columns and levels were measured by the use of a catecholamine detection kit (Chromsystems) and HPLC chromatography. Protein concentrations in the homogenates were determined by Bio-Rad protein microassay.
